Introduction
Engaging in concurrent sensorimotor and cognitive activities like recalling agendas for upcoming meetings while walking towards our destinations is daily-life routines, which young and middle-aged adults typically consider as timesaving rather than as challenging. Older adults, in contrast, experience pronounced performance decrements (dual-task costs), when engaging in two activities at the same time, even if one task requires seemingly automatic skills like walking or maintaining postural stability [1, 2] . Interestingly, older adults tend to prioritize balancing or walking over cognitive performance (i.e., accrue higher dual-task costs in the latter), at least when the sensorimotor task provides real challenge [3] [4] [5] [6] [7] . Studies investigating multi-tasking in children point to improvements throughout middle-childhood [for reviews , 8] . Few studies investigated combinations of cognitive and sensorimotor tasks in children, however, similar prioritization of balance over concurrent cognitive tasks was observed in 9-11 year old children [9] . To our knowledge, no study has as yet compared concurrent cognitive and sensorimotor performances in children and older adults within the same paradigm.
Two basic accounts of dual-task costs and related agedifferences have been discussed, namely, first, task competition for general processing resources along with resulting shortages thereof [10] and second, limitations in task-coordination strategies or resource allocation [11] . Prominent versions of general-resource accounts attribute age-differences to the development of processing speed with gains throughout childhood being followed by stability in young and middle adulthood and, finally adult-age related declines [12, 13] . Taken together these findings suggest an inverted U-shaped relation between age and available resources across the lifespan. The key assumption of general-resource models is that the same individual differences that constrain single-task performance determine dual-task performance. The critical test for this account is to evaluate age-differences in dualtask performance after individual differences in single-task performance are statistically controlled for (i.e., by means of hierarchical regression analyses). Two studies [14, 15] indeed found that larger dual-task costs in older compared with young adults were greatly diminished or disappeared altogether when single-task performance was controlled for.
Accounts focusing on flexibility of resource-allocation and taskcoordination do not preclude general resources as a source of dualtask effects. Instead they posit that the ability to prioritize one task over another or to strategically organize and schedule concurrent responses add to dual-task costs over and above general resource demands. For example, Irwin-Chase and Burns [16] showed that after individual differences in children's capacity for single-task performance were controlled for, age differences between 8-and 11-year old children only existed, when tasks had different priorities. In older adults, Kramer et al. demonstrated similar abilities in implementing differential priority schemes as in young adults [17] . Young children suffer pronounced dual-task decrements if one of the tasks involves a strategic component, like organizing their retrieval efforts in cumulative recall tasks [18] [19] [20] . Strategic differences between young and older adults in coordinating concurrent task demands have been demonstrated by Glass et al. [21] in their study of the psychological-refractory period.
The present study had three goals. First, we assessed the Ushape prediction for dual-task costs derived from the general resource model. Second, we asked whether children and adults differ with respect to prioritizing concurrent cognitive and sensorimotor tasks, when no imminent threat to postural stability was involved. Third, we evaluated the explanatory scope of the general resource model of age-differences in dual-task costs by considering correlations between single-and dual-task performances. To this end, we tested children, young, and, older adults with a combination of walking and semantic fluency, a task in which participants generate members of a specific semantic category (e.g., four-legged animals) for a fixed trial duration. Semantic fluency involves strategic scheduling and monitoring [22] . Performance increases linearly in children between the ages of 5 and 12 years [23] and small, but robust decrements were found in elderly compared with young adults [24] .
Methods

Participants
Originally, 138 participants in four age-brackets (9-and 11-year-old children, young and older adults) were recruited from the subject pool of the Max Planck Institute for Human Development and through advertisements at local university campuses, schools, and supermarkets. They received 20 Euro for their participation. Data from nine participants had to be excluded due to equipment malfunction. During an extra session we screened older individuals using easy walking exercises, assessments of postural stability, and extensive questionnaires on their medical history and incidences of falling. Individuals who reported recent falls or a history of severe illnesses like heart attacks and strokes were excluded from the study. This was the case for six older participants. Three 9-year olds with ADHD diagnosis or health problems that prevented participation in school sports were also excluded. The final sample consisted of 30 participants (half female) in each age-bracket. Sample characteristics are shown in Table 1 .
Word-fluency task
A recurrent problem in age-comparative dual-task research is that tasks over-or under-challenge individual groups such that ceiling or floor effects in single-task performance render the demonstration of dual-task costs impossible. For these reasons we used different categories for children and adults (Table 2 ) with six identical items in the two sets. Categories for adults came from Mayr and Kliegl [22] . Categories for children were based on our own calibration study in which 24 9-year olds (none of who participated in the main study) performed the fluency task for 90 s trials on 24 categories. Four raters coded tape-recorded verbalizations (interrater reliability: Cronbach's a = .988). Based on the number of correct exemplars we assigned categories to easy (M = 16.0, SD = 2.5, range 13.7-19.5), medium (M = 11.6, SD = 3.6, range 11.0-13.4), and difficult conditions (M = 9.4, SD = 2.3, range 8.0-10.9).
Four items from the medium difficulty level in each group were used during warm-up trials and not included in the final analyses. Thus, participants performed eight semantic fluency trials each on easy and difficult categories and four on medium categories. Half of the trials in each difficulty level were performed under single-, the other half under dual-task conditions.
Procedure
Participants were tested individually during two 1-h sessions. Standard versions of psychometric tests for children [25] and adults [26] measuring vocabulary knowledge, working memory capacity (Digit-span) and perceptual-motor speed (Digit-symbol substitution) were administered at the beginning of Session 1 and between blocks of experimental trials. Following warm-up trials four blocks of test trials were administered in each session with single-task assessments in fluency and walking tasks at the beginning and ends to balance potential effects of training and transfer among conditions. Participants performed 10 trials in each task and condition (single-task fluency, single-task walking, and dual-task), four in Session 1 and six in Session 2. Fluency categories and order of difficulty levels were counterbalanced across participants and task contexts (i.e., single and dual).
In the walking task participants walked a narrow track (width 19 cm, in curves 19-30 cm). Instructions encouraged walking as fast as possible while avoiding to step on the track's outer boundaries. They wore wireless headsets with microphones such that their verbalizations during dual-task trials could be taperecorded. The track was oval (length 24 m) with two parallel straight sections (length 9 m) connected by half circles of 1.5 m diameter. Accurate walking and the limited width of the track required participants to set their feet in front of each other with less lateral distance than in normal walking, however different from tandem walking they stepped without feed touching each other. Steps were registered to the nearest millisecond by a Macintosh PowerPC through contacts between the conducive materials under participants' shoes and on the track surface. In the word fluency task participants were instructed to produce as many correct exemplars as possible for one of 24 semantic categories. During single-task trials participants sat next to the experimenter. In dual task trials the experimenter shouted the target category to participants immediately after they started walking. Trial durations were always 90 s.
Data analysis
Tape-recorded verbalizations of semantic fluency trials were coded by the same raters as in the pilot study for the number of correct category exemplars. The total distance covered during 90 s trial durations served as a measure of walking performance. Test-retest reliabilities for both dependent measures were acceptable (Cronbach's a >.83, at the level of single age groups). Performance measures were averaged across 10 trials each in single-and dual-task conditions. We conducted mixed-design ANOVAs using age group (4) as between, and task context (single vs. dual) and difficulty of the semantic category in the fluency task (easy, medium, difficulty) as repeated measure factors. Post hoc comparisons were conducted as ttests. Alpha-levels in all tests were set at .05. To allow comparisons between modalities (walking and cognition) and groups differing in single-task baseline, we calculated proportional dual-task costs (absolute costs expressed in percent singletask performance). The conventional criterion of two-SE difference from zero (corresponding to two-tailed significance testing) was used to determine reliable costs. All statistical analyses were conducted with SPSSX (version 13) for the Macintosh.
Results
Semantic fluency
The mixed-design ANOVA conducted on the numbers of exemplars retrieved in the semantic fluency task showed that simultaneous walking reduced memory performance (M = 15.89, SD = 5.40) compared with single-task conditions (M = 16.55, SD = 5.29), F(1, 116) = 6.76, MSE = 11.45, p < .05, and this effect was similar across age groups (p > .75), and levels of semantic category difficulty (p > .50). Our manipulations of category difficulty acted as predicted, F(2, 232) = 539.82, MSE = 8.13, p < .001, and differences between levels were robust at the level of individual age groups. The main effect of age group, F(3, 116) = 33.43, MSE = 88.00, p < .001, reflected the significant differences between all groups with young adults > older adults > 11-year olds > 9 year olds (Fig. 1, top panel) . Absolute differences between age groups tended to be larger for easier than for medium or difficult categories, F(6, 232) = 11.04, p < .05, presumable reflecting adults' extended vocabularies. The pattern of results was replicated when we restricted analyses to the six semantic categories administered to all age groups.
Walking
Participants produced a higher percentage of missteps under dual-(2.67%, SD = 3.89) compared with single-task conditions (2.25%, SD = 3.19), F(1, 116) < 4.41, p < .05, and age groups were similar in this respect. A mixed-design ANOVA on distances covered in four task-context conditions (single task, dual-easy, dual-medium, and dual-difficult categories) produced a main effect of age group, F(3, 116) = 21.25, MSE = 1540.01, p < .001, and a main effect of task context, F(3, 348) = 169.10, MSE = 27.06, p < .001. Effects of task context were similar across age groups (p > .4). Post hoc tests revealed that participants walked further in single-compared with any of the three dual-task conditions, and this effect generalized across age groups (all p's < .001). Difficult categories lead to a larger reduction (M = 13.23 m, SD = 9.28) in walking distances compared with easy (DM = .73 m, SD = 2.58) and medium categories (DM = 2.38 m, SD = 5.78), t's(119) > 3, p's < .002. Note, however, distances walked with medium items were longer than for easy categories. Overall differences between age groups followed the pattern young adults > 11-year olds > 9-year olds % older adults (Fig. 1, bottom) with significant differences between individual groups, t's (58) > 3.3, p < .001, with the exception of 9-year olds and older adults.
Proportional dual-task costs
Given that effects of category difficulty in the semantic fluency task were similar in single-and dual-task contexts we averaged performance across all items for our calculation of proportional dual-task costs (the same pattern of findings emerges when category difficulty is included). For the walking task, all age groups showed significant proportional costs (marked by asterisks in Fig. 2 ). An ANOVA on proportional walking costs showed a main effect of age group, F(3, 116) = 3.03, MSE = 49.04, p < .05, reflecting the expected U-shape pattern: young adults' costs (M = 7.28%, SD = 5.68) were smaller than, both, costs in older adults (M = 12.33%, SD = 9.65), t(58) = 2.47, p < .016, and costs in 9-year olds (M = 11.15%, SD = 6.58), t(58) = 2.44, p < .018. In between, 11- year olds did not differ significantly from young adults or the two other groups. Only 9-year olds produced significant costs in the fluency task.
To assess group differences in task prioritization, we conducted a mixed-design ANOVA on proportional dual-task costs with age group (4) as between-and task modality (walking vs. fluency) as within-subject factors. The only significant effect related to task modality, F(1, 116) = 19.74, MSE = 121.44, p < .001, reflecting higher costs in walking (M = 9.98%, SD = 7.18) compared with fluency (M = 3.66%, SD = 14.28). This outcome suggests similar resource allocation preferences in different age groups.
Correlations between single-and dual-task performances
Support for an extension of the general resource model would be gained by showing that the same relation between single-and dual-task performance holds for groups from different phases of the lifespan. We put this proposition to a test by conducting a linear regression of dual-on single-task fluency performance (Fig. 3) based on those semantic categories (compare Table 2 ) used for all groups. We considered this analysis conservative with respect to potential group differences in terms of range of item difficulties. Model fit was significant, F(1, 118) = 143.93, MSE = 25.31, p < .001, and variance accounted for large, R 2 = .550. However, residuals were not equally distributed across age groups, but significantly more positive in young adults (M = 2.49, SD = 5.56) compared with 9-year olds (M = À2.22, SD = 3.92) and 11-year olds (M = À1.15, SD = 4.36), t's(58) > 2.8, p < .005. This also held for the comparison of older adults (M = .87, SD = 4.90) and 9-year olds, t(58) = 2.69, p < .01. As a result, age group significantly increased the variance accounted for when added to the regression model in a second step, F-change (1, 117) = 15.19, p < .001, DR 2 = .052. The bottom line was that children's actual performance was worse than predicted on the basis of their single-task performance, whereas the same model underestimated young adults' performance.
Discussion
Our study is the first to investigate lifespan development in multi-tasking for a combination of sensorimotor (walking) and cognitive (semantic fluency) tasks within the same experimental paradigm. In line with the predictions of the general resource model, we found a U-shaped relation in proportional dual-task costs for walking with significant differences emerging between young adults on the one hand and 9-year old children and older adults, on the other. Only 9-year olds showed significant costs in the semantic fluency task, a finding resonating with earlier reports about this age group's disadvantages in tasks involving strategic components like organizing retrieval efforts in cumulative recall [18] [19] [20] . Dual-task costs in walking were higher for more difficult semantic categories in the concurrent fluency task indicating that cognitive processes rather than interference from simultaneous motor output (i.e., verbalization) must be seen as the source of dual-task costs.
While previous studies reported prioritization of walking or postural control over cognitive tasks in children [9] or older adults [6] , participants in our study, irrespective of their ages, showed higher dual-task costs in walking than in semantic fluency tasks. Like these authors proposed, we consider the critical factor in prioritization the perceived difficulty of the sensorimotor task. Participants in the aforementioned studies had to balance on ankle-disc boards [9] or walk a parcours with obstacles [6] . In our study, participants walked on flat ground and their postural stability was never really threatened. Taken together with these earlier findings, our results highlight older adults' and children's abilities to accommodate their resource allocation in multi-tasking to the ecological constraints of the setting [3, 5, 7] .
The general resource model maintains that the same individual differences in cognitive resources that constrain single-task performance determine dual-task performance. In its most radical form this implies identical relations (i.e., one regression model) for groups from different phases of the lifespan. When we tried to extend this approach to children's dual-task performances, however, limitations became apparent. In particular, differences between children and young adults were not sufficiently captured by the parsimonious general resource model. Taken together with the additional dual-task costs in fluency we observed in 9-year olds only, it is tempting to hypothesize (strategic) task-coordination deficits in childhood over and above what is captured by singletask performance. However, our findings can only point the direction in this respect, because we agree with those authors who have argued that conclusions about such mediator relations (i.e., general resources mediating age-differences in dual-tasking) cannot be drawn from hierarchical regression analyses and related techniques [27, 28] . From this perspective, correlations between single-and dual-task performance can be used to show the limitations of extant accounts, but otherwise only be a first step towards understanding component processes.
In conclusion, we demonstrated that high-level cognitive processes interfere with seemingly automatic sensorimotor processes like walking. The mutual costs accrued by such interference are pronounced at opposite ends of the lifespan. Our approach of testing children and older adults within the same dual-task paradigm holds promise for future research, which should extend the search for age-related differences towards multi-tasking strategies like differential emphasis or response scheduling.
